Protein-protein interactions are often mediated by small domains that recognize solvent exposed peptide sequences. Deciphering the recognition code for these adapter domains is an important step in the understanding of multi-protein assemblies.
function of the GYF domain of CD2BP2 in mediating protein-protein interactions within the spliceosome.
Introduction
Proline-rich sequence recognition plays an important role in the assembly of multiprotein complexes during the course of eukaryotic signal transduction and is mediated by a set of protein folds that share characteristic features. To date, the super-family of proline-rich sequence recognition domains comprises profilin (1), the SH3 (2, 3), the WW (4), the EVH1 (5), the GYF (6, 7), the UEV (8, 9) and probably the ligand binding domain of prolyl-4-hydroxylase (10) . Each domain uses a set of aromatic amino acid residues for peptide recognition that is conserved within the respective fold family. Within the GYF domain the glycine-tyrosine-phenylalanine tripeptide is part of a bulge-helix-bulge motif that contains several aromatic amino acid sidechains that are essential for the binding of the CD2 cytoplasmic domain. The recently solved structure of the CD2BP2-GYF domain in complex with the CD2 peptide SHRPPPPGHRV showed that the peptide adopts an extended conformation and forms a polyproline type II helix involving residues Pro4 -Pro7 ( Fig. 1) (11, 12) . The major binding surface of the GYF domain accommodates Pro6 and Pro7 of the ligand and is defined primarily by the aromatic residues Tyr6, Trp8, Tyr17, Tyr20, Trp28, Tyr33 and Phe34 of the GYF domain. Charge complementarity outside the central hydrophobic interaction site is suggested to confer additional specificity (Fig. 1) . The CD2 target sequence for the CD2BP2-GYF domain comprises two PPPPGHR motifs that probably can each bind a CD2BP2-GYF domain and thereby enhance the overall affinity of the interaction (11) . The PPPPGHR motifs of CD2 are conserved among species and have been shown to mediate CD2 dependent signal transduction (13) . In vitro, the CD2BP2-GYF domain and the SH3 domain of the Fyn tyrosine kinase bind to the CD2 tail motifs with similar affinity and show that a single proline-rich sequence can interact with members of different fold families (11) . Inversely, a single recognition domain might well interact with proline-rich sequences of several target proteins, but novel protein interactions for the CD2BP2-GYF domain have not been reported so far.
We now show that the signature +/GxxPPGx+ defines a preferred motif for CD2BP2-GYF domain interactions and that several sequences from spliceosomal proteins that resemble this motif are bound by the CD2BP2-GYF domain in vitro. In particular, sequences from the core snRNP SmB/B' proteins interact strongly and define 
Binding studies of membrane bound peptides
Single substitutions of SHRPPPPGHRV and a set of different proline-rich peptides were generated by semiautomated spot synthesis (15, 16) (Abimed; Software LISA, Jerini AG) on Whatman 50 cellulose membranes as described (17) . Membranes were probed with GST fusion protein as described elsewhere (18) . Briefly, the membranes were incubated with GST-GYF (CD2BP2; 40 µg/ml) over night. After washing, bound GST fusion protein was detected with rabbit polyclonal anti-GST antibody (Z-5, Santa Cruz) and horseradish peroxidase coupled anti-rabbit IgG antibodies (Rockland). An enhanced chemiluminescence substrate (SuperSignal West Pico, Pierce Illinois) on a LumiImagerTM (Boehringer Mannheim GmbH) was used for detection.
NMR Titration
All NMR experiments were performed at 298 K using a Bruker DRX600 instrument equipped with a standard triple-resonance probe. Data processing and analysis were carried out with the XWINNMR (Bruker), Prosa/XEASY (19) supplemented with streptomycin and penicillin.
GST Pulldown assay
100 µg GST or GST fusion proteins were incubated with 50 µl of GSH Sepharose beads (Amersham Biosciences) for 2 h at 4°C. Beads were then washed three times with PBS and a small aliquot was analysed by SDS PAGE to ascertain that the loading of each fusion construct was similar. The pulldown experiment was carried out by first preclearing the cell lysates with 50 µl of GST-loaded glutathione beads.
Following removal of the beads, pre-cleared lysates (~300 x 10 6 cells per experiment)
were incubated with GST, GST-GYF (CD2BP2) or GST-hSH3 (18) loaded beads for 2-4 h at 4°C. Where required, a specific (SmB-2) or non-specific peptide (Pep-1:
NH 2 -KETWWETWWTEWSQPKKKRKV-COOH) was added to the lysates to a final concentration of 1 mM. Beads were washed 5 times with 10 ml of PBS. Bound proteins were eluted in gel loading buffer by boiling, and separated by SDS-PAGE.
Proteins were then transferred onto a polyvinylidene difluoride membrane (PVDF). 
Results

Peptide substitution analysis of the CD2BP2 target sequence SHRPPPPGHRV
In order to delineate the contribution of individual residues of the peptide SHRPPPPGHRV to the interaction with the CD2BP2-GYF domain, a substitution analysis of this peptide was performed ( (Fig. 1) . The remaining positions of the CD2 peptide are indifferent to most substitutions, except for aspartate and glutamate which are disfavoured. In general, the substitution analysis can be rationalized by the structure of the CD2BP2-GYF domain in complex with the CD2 peptide (11) and allows us to define the motif +/GxxPPGx+ as the ligand core motif for the CD2BP2-GYF domain.
Sequence motifs from SmB/B' bind to the GYF domain of CD2BP2 in vitro.
We tested natural sequences that are known ligands for other proline-rich sequence recognition domains for their interaction with CD2BP2-GYF. A diverse set of sequences that represent binding sites for SH3, WW and EVH1 domains was examined by peptide spot analysis. Only a few peptides resulted in detectable spot intensities ( Fig. 3b and Table 1 ). For comparison, CD2-derived peptides from Homo sapiens and homologues from other species were included on the cellulose membrane ( Fig. 3a and Table 1 (Fig. 4a) , however the extent of the chemical shift changes at a given peptide concentration is larger for SmB-2 in comparison to the CD2 peptide (Fig. 4a, inset) . Since SmB-2 contains two intercalated consensus motifs (GMPPPGMRPPPPGMR) it is very likely that the presence of two motifs in SmB-2 increases the apparent affinity by enhancing the local concentration of interaction sites. Residues displaying significant chemical shift changes were highlighted on the surface of the CD2BP2-GYF domain (Fig. 4b) . These residues define a contiguous area with side-chains of the bulge-helix-bulge motif and Trp8 forming a hydrophobic patch. The surface defined by the NMR chemical shift data is very similar for the two peptides, confirming that the peptide motifs within SmB-2 bind to the GYF domain in an analogous orientation and conformation as the CD2 peptide (Fig.4b) . The binding mode and apparent affinity for the SmB-1 peptide is very similar to that of the SmB-2 peptide (data not shown).
SmB/B' is a specific binding partner of the CD2BP2-GYF domain in vivo
GST-pulldown experiments were undertaken to establish that the interaction between CD2BP2-GYF and SmB/B' occurs under physiological conditions. It is shown in Figure 5a that SmB/B' could be specifically captured from a Jurkat cell lysate with GST-GYF in contrast to GST alone or the unrelated GST-hSH3 fusion construct which was shown not to bind to proline rich sequences (18) . Furthermore, this interaction could be effectively competed out by the addition of an excess of SmB-2 peptide to the cell lysate whereas the interaction remained unperturbed by the presence of an unrelated peptide (compare lanes 3 and 4 in Fig. 5b ). These results demonstrate that a physiologically relevant interaction occurs between the C-terminal proline-rich sequences of the SmB/B' protein and the GYF domain of CD2BP2.
Colocalization of CD2BP2 and SmB/B'
Transient expression of EGFP tagged full-length CD2BP2 and EYFP-SmB fusion proteins in Jurkat and HeLa cells were used to determine their intracellular localization. The proteins localized predominantly to the nucleus with a residual cytoplasmic pool 24 h after transfection, as verified by Hoechst staining of DNA (Fig.   6a, b) . Co-transfection of EGFP-CD2BP2 and EYFP-SmB in HeLa cells shows considerable colocalization of the two proteins in the nucleus in live cell laser scanning microscopy imaging studies (Fig. 6c) . Both CD2BP2 and SmB/B' were excluded from nucleoli (Fig. 6c) .
Interaction of CD2BP2-GYF with other splicing factors
The identified interaction of the CD2BP2-GYF domain with a proline-rich region of SmB/B' raised the question whether proline rich sequences of other splicing factors that resemble the binding motif +/GxxPPGx+ are also able to bind to CD2BP2-GYF.
Sequences of splicing proteins containing the reduced core motif PPG were analysed by spot synthesis (Fig. 7 and supplementary material) . Peptides derived from SmB/B' or SmB like proteins such as SNRPB protein (a variant of SmB), Sm-D and RT-LI (snRPN with a novel exon 3) contain motifs that match the binding motif +/GxxPPGx+ (spots 17, 27, 28, 31-33, 36-38 in Fig. 7 ). In addition to these peptides sequence motifs from the proline-and glutamine-rich splicing factor (position 9 in Fig. 7 ) and splicing factor 1 isoform (position 18 in Fig. 7) showed binding comparable to the human CD2 peptide (position 1). In summary, the abundance of proline-rich sequences within spliceosomal proteins that bind to the CD2BP2-GYF domain sets the stage for further investigations of GYF domain mediated proteinprotein interactions within the spliceosomal complexes.
Discussion
Sequence recognition by the CD2BP2-GYF domain is not restricted to motifs that precisely match the previously described PPPPGHR motifs in CD2 (6) . Our peptide analysis shows that the CD2BP2-GYF domain requires two adjacent prolines in the ligand to contact the hydrophobic hot spot of the domain (Fig. 2) . A glycine at the Binding of the CD2BP2-GYF domain to different proline rich peptides. Peptides were synthesized on cellulose membrane and incubated with GST-GYF (CD2BP2) as in Figure 2 . Numbers above or below the spots correspond to numbers in Table 1 
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